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We determine the anisotropy of the spin utuation indued pairing gap on the Fermi surfae
of the FeAs based superondutors as funtion of the exhange and Hund's oupling JH . We nd
that for suiently large JH , nearly ommensurate magneti utuations yield a fully gapped s
±
-
pairing state with small anisotropy of the gap amplitude on eah Fermi surfae sheet, but signiant
variations of the gap amplitude for dierent sheets of the Fermi surfae. In partiular, we obtain the
large variation of the gap amplitude on dierent Fermi surfae sheets, as seen in ARPES experiments.
For smaller values of Hund's oupling inommensurate magneti utuations yield an s±-pairing
state with line nodes. Suh a state is also possible one the anisotropy of the material is redued
and three dimensional eets ome into play.
I. INTRODUCTION
The reently disovered FeAs based family
1
has been
aptivating the ommunity primarily beause of its high
superonduting transition temperatures, with Tc values
well above 50K in some ases.2,3,4,5 While suh values for
Tc ould potentially be due to the interation between
eletrons and lattie vibrations, the vibrational modes
of the ommon strutural unit, the FeAs -planes, are
rather low, making eletron-phonon interations as the
sole or primary mehanism unlikely.
6
The observation of
antiferromagneti order in undoped systems at ambient
pressure
7
has therefore been one of the key motivations
to explore spin utuations as the primary mehanism
for superondutivity in the pnitides.
8,10,11
In this ase,
the role of phonons, as intermediate boson and pairing
glue, is being played by olletive paramagnon exita-
tions of the eletron uid. In order to determine whih
many body interation is responsible for the formation
of Cooper pairs, an understanding of the symmetry and
detailed momentum dependene of the pairing gap is ru-
ial.
Experimentally, the strongest indiation that the pair-
ing gap in the pnitides has line nodes omes from nulear
magneti resonane (NMR) measurement with power
law variation of the spin lattie relaxation rate, T−11 ∝
T 3.12,13,14,15 On the other hand angular resolved photoe-
mission spetrosopy (ARPES) experiments nd node-
less, weakly anisotropi gaps on the Fermi surfae.
16,17,18
Penetration depth measurements in the 122-ompound
Ba0.93Co0.07Fe2As2 support gap nodes,
19
while mea-
surements for the 1111 system NdFeAsO0.9F0.1 favor
anisotropi gaps that remain nite everywhere on the
Fermi surfae.
20
Interestingly, NMR results of Ref.
13
and
the ARPES data of Refs.
17,18
are onsistent to the extent
that they see evidene for multiple gap values. ARPES
measurements demonstrate that the two Fermi surfae
sheets around the Γ point of Ba0.6K0.4Fe2As2 have am-
plitudes that dier by more than a fator 2.18 Knight
shift and spin lattie relaxation rate measurements in
PrFeAsO0.89F0.11were t to two gaps with ratio ≃ 3.2.13
In this paper we determine the momentum depen-
dene of the superonduting gap, where Cooper pair-
ing is due to the exhange of antiferromagneti spin u-
tuations. We nd, in agreement with previous alula-
tions, Ref.
8,10,21,22
that the pairing symmetry is extended
s-wave with the gap on dierent Fermi surfae sheets
being out of phase, i.e. we nd an s± pairing state.
Superondutivity is aused by the enhaned olletive
spin-utuations in the proximity to an ordered anti-
ferromagneti state. We nd that ommensurate mag-
neti orrelations an be aused by inluding a suiently
large Hund's rule oupling JH , even in an itinerant mag-
neti material. We also nd that a large Hund's ou-
pling generally yields a stronger tendeny towards su-
perondutivity where transition temperatures of 50K
are possible. We demonstrate that the gap funtion is
weakly anisotropi for most sheets of the Fermi surfae,
while a signiant anisotropy remains. Depending on the
strength of the exhange and Hund's ouplings JH the
gap of this Fermi surfae sheet vanishes on line nodes
(for small JH) or exhibits a moderately anisotropi vari-
ation along the Fermi surfae (for larger, more realisti
values of JH). We also omment on the fat that a sizable
interlayer oupling, as relevant for the 122 FeAs-family,
might lead to a nodal superonduting state while for
the more anisotropi 1111 family a fully gapped state is
more likely. A possible explanation for the oniting
ARPES and NMR ndings is that experiments sensitive
to the maximum of the gap, suh as ARPES, see large
gaps, while experiments sensitive to the minimum of the
gap, suh as NMR, nd node like features due to im-
purity indued states in the gap.
22
The latter is due to
the fat that non-magneti impurities in an s± pairing
state behave like pair breaking magneti impurities in a
onventional s-wave superondutor.
The spin utuation approah relies on two key
assumptions:
23
i) the proximity to a magneti instabil-
ity with paramagnons as relevant olletive modes, and
ii) onventional Fermi liquid behavior away from the in-
stability. While eletroni orrelations of the Fe 3-d or-
bitals in the pnitides are relevant, the multi-orbital na-
ture of the system is likely the reason that strong loal
orrelations, reminisent of a system lose to a Mott in-
2sulating state do not seem to be dominating. In addi-
tion, the arrier density of the FeAs systems does not
seem to be anywhere lose to an odd number of eletrons
per Fe 3-d site, strongly suggesting that there are no
Mott-Hubbard bands with appreiable spetral weight.
Rather, these systems are loser in their behavior to
band-insulators or semimetals, however with the bot-
tom of the eletron band somewhat below the top of a
hole band. The latter leads to the observed hole and
eletron sheets of the Fermi surfae. Consistent with
this piture is that undoped ambient pressure systems ex-
hibit a small but well established Drude ondutivity
24
and magneto-osillations
25
in what seems to be a par-
tially gapped metalli antiferromagneti state. Above the
magneti ordering temperature a sizable Drude weight,
not untypial for an almost semimetal has been observed.
The magneti suseptibility of BaFe2As2 single rystals
26
above the magneti transition is only very weakly tem-
perature dependent and shows no sign for loal moment
behavior of the Fe 3-d eletron spins. X-ray absorption
spetrosopy for LaFeAsO1−xFx is onsistent with a rigid
band lling upon F-doping and moderate values for the
eetive Hubbard interation.
27
Clearly, these observa-
tions do not imply that the interations in the FeAs sys-
tems are weak, but rather that the phase spae for strong
loal orrelations is limited and suggest that predomi-
nant eletron-eletron interations are related to inter-
band sattering between the hole and eletron sheets of
the Fermi surfae. Despite very interesting approahes
based upon the assumption that the FeAs system are
doped Mott insulators,
28,29
we take the view that the
iron pnitides may be good examples for a system where
olletive longer ranged spin and harge exitations play
an important role.
As shown rst by Berk and Shrieer,
30
magneti u-
tuations suppress pairing for a gap funtion ∆a1a2 (p) =
∆0 that is onstant as funtion of momentum p and band
indies ai. However, hanging the sign of ∆a1a2 (p) as
funtion of either p or a1, a2 allows for nontrivial super-
onduting states due to paramagnon utuations and
makes suh utuations a powerful pairing mehanism.
In ase where only one band ontributes to the Fermi
surfae the sign hange is a funtion of momentum p,
and may lead to line or point nodes of the gap. If there
are several bands rossing the Fermi energy, strong in-
terband sattering an lead to a sign hange of the gap
between dierent Fermi surfae sheets, without leading
to gap nodes. The s±-pairing state that results from
our analysis was proposed in the ontext of the FeAs
systems in Ref.
8
in a model with strutureless (in mo-
mentum state) interband pairing interations. In suh a
state, one would always obtain fully gapped Fermi surfae
sheets. Our analysis shows that the model of Ref.
8
ap-
tures the s± state properly but that one needs to inlude
the momentum dependene of the pairing interation to
obtain states with residual anisotropy of the pairing gap,
inluding states that possess nodes of the gap on a given
Fermi surfae sheet. A areful investigation of the role of
interband sattering in systems with lose to perfet nest-
ing between distint Fermi surfae sheets was performed
in Refs.
21
and
22
. These approahes demonstrate that
under ertain irumstanes, pairing interations are en-
haned due to interband nesting. At the level of the weak
oupling expansion used in Ref.
22
, this onlusion does
depend on whether the pairing mehanism is due to spin-
orbital or harge utuations. Our results are onsistent
with these ndings, but favor a spin-utuation meh-
anism boosted by intrasite, and inter-orbital exhange
and Hund's rule oupling. Our approah is losest to the
results of Refs.
9,10
. The key emphasis in our work, as
ompared to these interesting investigations, is to quan-
titatively analyze the variation of the pairing gap on in-
dividual Fermi surfae sheets as well as between distint
sheets.
II. THE MODEL
Eletroni struture alulations learly show that the
states lose to the Fermi level are predominantly of Fe-
3d harater with several sheets of the Fermi surfae,31
as onrmed in reent angular resolved photoemission
spetrosopy (ARPES) experiments.
16,17,18,32
Given the
need to hange the sign of the gap funtion ∆a1a2 (p),
this leads to the proposal by Mazin et al.
8
that the gap
funtion on sheets oupled by the magneti wave vetor
are out of phase.
We use a tight binding desription of the Fe-dxz, dyz
states of the FeAs systems idential to the one proposed
by Raghu et al.
33
There are two Fe atoms per rystal-
lographi unit ell leading to the tight binding Hamilto-
nian:
H0 =
∑
p,αβ,σ
Eαβp d
†
pασdpβσ (1)
where d†pασ is the reation operator of an eletron with
momentum p and spin σ. α refers to the orbital degree
(i.e. xz and yz) as well as the label of the Fe atom within
the unit ell. Momenta go from −pi/a to pi/a where a =√
2a0 with Fe− Fe distane a0. Thus Êp is a (4× 4)
matrix. As in Ref.
33
we assume, for simpliity, that all As
atoms in the unit ell are idential. This approximation
seems justied as there are virtually no As states lose to
the Fermi level. The primary relevane of the As states is
only to determine the indiret overlap between Fe orbitals
on dierent sites. With these assumptions, we obtain a
blok struture for the tight binding Hamiltonian of the
form
Êp = ĥp ⊗ 1̂ + δ̂p ⊗ τ̂x. (2)
with (2× 2) unit matrix 1̂ and Pauli matrix τ̂x. ĥp is a
diagonal (2× 2) matrix with diagonal elements
h11p = 2t2 cos (pxa) + 2t3 cos (pya)
h22p = 2t3 cos (pxa) + 2t2 cos (pya) (3)
3-p
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Figure 1: (Color online) Fermi surfae of the tight binding
parametrization desribed in the text in the Brillouin zone
that orresponds to two Fe atoms per unit ell (red diamond
with axes labeled by kx and ky) and the larger Brillouin zone
that orresponds to a unit ell with one atom per unit ell
and the larger Brillouin zone that orresponds to a unit ell
with one atom per unit ell (solid square with axes labeled by
px and py), respetively.
Both diagonal elements of the (2× 2) matrix δ̂p are
δ11p = δ
22
p = 4t5 cos
(pxa
2
)
cos
(pya
2
)
(4)
while the o-diagonal elements are
δ12p = δ
21
p = 4t6 sin
(pxa
2
)
sin
(pya
2
)
(5)
The individual parameters, determined from ts to full
potential density funtional alulations for LaFeAsO are
t2 = 0.495eV, t3 = −0.026eV, t5 = −0.026eV, t6 =
−0.36 eV.
Beause of the assumption of treating all As atoms
identially, regardless of whether they are loated above
or below the Fe planes, we an desribe the system in
a unit ell with only one Fe atom and an upfold the
band struture into a larger Brillouin zone, i.e. we ob-
tain a (2× 2) matrix tight binding ε̂k in the larger Bril-
louin zone. It holds ĥp = ĥp+G and δ̂p+G = −δ̂p
with reiproal lattie vetor G =
(
2pi
a
, 0
)
and we obtain
a ε̂k = ĥp + δ̂p for states in the original, smaller Bril-
louin zone and ε̂k+G = ĥp − δ̂p for momenta outside of
it. The momentum k in the new, larger Brillouin zone,
with − pi
a0
≤ kx,y < pia0 , is given by kx = 1√2 (px − py)
and ky =
1√
2
(px + py). For example the wave vetor of
the spin density wave Q =
(
pi
a
, pi
a
)
beomes Q =
(
0, pi
a0
)
in the larger BZ.
In Fig. 1 we show the Fermi surfae that results from
the above tight binding parametrization at a density n =
1.05. To illustrate the two Brillouin zones used in the
above disussion we plot the Fermi surfae in an extended
zone sheme. To make ontat with Ref.
33
, we note that
the axis dening the dxz and dyz orbitals are rotated by
pi/4 relative to eah other.
Next we inlude the loal eletron-eletron interation
into our theory and write
Hint = U
∑
i,a
nia↑nia↓ + U ′
∑
i,a>b
nianib
−JH
∑
i,a>b
(
2sia · sib + 1
2
nianib
)
+J
∑
i,a>b,σ
d†iaσd
†
iaσdibσdibσ , (6)
where niaσ = d
†
iaσdiaσ is the oupation of the orbital
a with spin σ at site i. nia =
∑
σ niaσ is the total
harge in this orbital and sia =
1
2
∑
σσ′ d
†
iaσσσσ′diaσ′ the
orresponding spin. Thus, we inlude intra- and inter-
orbital diret Coulomb interations, U and U ′ as well as
the Hund's rule oupling JH and the exhange intera-
tion J . The latter are of interest as they aet the spin
orrelations of eletrons in dierent orbitals. In what
follows we use U = 1eV, U ′ = 0.5eV, eletron den-
sity ρ = 1.05 per site, and we vary J = JH between
J = 0 and J = 0.5eV to explore the role of the exhange
and Hund's interations on the pairing state. Reent X-
ray absorption spetrosopy measurements support val-
ues for the Hund's ouplings that lead to a preferred high
spin onguration,
27
leading to larger values of JH . U .
The interation term an be put into a more ompat
form
35
Hint =
1
4
∑
i,al;σl
Ua1a2,a3a4σ1σ2,σ3σ4d
†
ia1σ1
d†ia2σ2dia3σ3dia4σ4 (7)
and, in the absene of spin orbit interation, split into a
spin and a harge ontribution:
Ua1a2,a3a4σ1σ2,σ3σ4 = −
1
2
Ua1a4,a2a3s σσ1σ4 · σσ2σ3
+
1
2
Ua1a4,a2a3c δσ1σ4δσ2σ3 . (8)
The above Hamiltonian is then reovered if we hose
Ua1a4,a2a3s =

U if a1 = a2 = a3 = a4
U ′ if a1 = a3 6= a2 = a4
JH if a1 = a4 6= a2 = a3
J if a1 = a2 6= a3 = a4
(9)
4for the spin part of the interation, and
Ua1a4,a2a3c =

U if a1 = a2 = a3 = a4
−U ′ + 2JH if a1 = a3 6= a2 = a4
2U ′ − JH if a1 = a4 6= a2 = a3
J if a1 = a2 6= a3 = a4
.
(10)
for the orresponding harge ontribution, respetively.
A. Colletive spin and harge utuations
We determine the single partile and olletive mag-
neti exitation spetrum within a self onsistent one
loop approah, the multiple orbital version
35,36
of the
utuation exhange approximation of Ref.
34
. One we
have self onsistently determined the fermioni Green's
funtion Gab (k) where k = (k, ωn) stands jointly for
the rystal momentum k and the Matsubara frequeny
ωn = (2n+ 1)piT , we determine the symmetry of the
pairing state from the linearized gap equation. In the
normal state, the matrix Green's funtion of the prob-
lem is
Ĝ (k) =
(
iωn1̂− ε̂k − Σ̂ (k)
)−1
(11)
where Ĝk, Σ̂k, ε̂k are all 2 × 2 matries in orbital spae
in the larger Brillouin zone. The self energy is given as
a sum of a Hartree-Fok ontribution and a utuation
term
Σa1a2 (k) =
∑
k′
∑
a3a4
Ga3a4 (k′) Γa1a3,a4a2ph (k − k′) (12)
where
∑
k . . . =
T
N2
∑
k,n . . . inludes the summation over
momenta and over Matsubara frequenies.
Introduing the partile quantum numbers A =
(a1, a2) and B = (a3, a4) labeling the rows and olumns
of two partile states interation, Γa1a3,a4a2ph (q) = Γ
AB
ph (q)
beomes a 4×4-dimensional symmetri operator Γ˜ph (q).
Similarly we obtain in this two partile basis a matrix
representation for the spin and harge ouplings U˜s and
U˜ c:
U˜s =
 U 0 0 JH0 U ′ J 00 J U ′ 0
JH 0 0 U
 (13)
and
U˜ c =
 U 0 0 W0 W ′ J ′ 00 J ′ W ′ 0
W 0 0 U
 (14)
where W = 2U ′ − JH and W ′ = 2JH − U ′. In this
two partile formalism it is now straightforward to sum
partile-hole ladder and bubble diagrams and it follows
Γ˜ph (q) =
3
2
V˜ s (q) +
1
2
V˜ s (q) (15)
with
V˜ s (q) = U˜s
(
1− χ˜ (q) U˜s
)−1
χ˜ (q) U˜s (16)
−1
2
U˜sχ˜ (q) U˜s
V˜ c (q) = U˜ c
(
1 + χ˜ (q) U˜ c
)−1
χ˜ (q) U˜ c
−1
2
U˜ cχ˜ (q) U˜ c . (17)
Here χ˜ (q) is the matrix of partile-hole bubble in the two
partile basis. Expliitly it holds:
χa1a2,a3a4 (q) = − T
N2
∑
k
Ga2a3 (k + q)Ga4a1 (q) . (18)
The Hartree-Fok term of the self energy
Σa1a2HF =
∑
a3a4
(
3
2
U˜s,a3a1,a4a2 − 1
2
U˜ c,a3a1,a4a2
)
Ga3a40
(
τ−
)
(19)
is frequeny and momentum independent and determined
by Ga3a40 (τ
−) =
〈
d†0a3d0a4
〉
. It holds for the diagonal
elements
Σa1a1HF = Una1 + (2U
′ − JH)
∑
a2 6=a1
na2
= (U − 2U ′ + JH)na1 + (2U ′ − JH)n (20)
whereas the o-diagonal elements (a1 6= a2) are given as:
Σa1a2HF = (2JH + J − U ′)
〈
d†0,a1d0,a2
〉
. (21)
We are interested in the superonduting transition
temperature and the symmetry of the superonduting
state, determined by the orresponding anomalous self
energy Φ̂k (ωn). Summing up the same lass of diagrams
in the superonduting state yields
Φa1a2 (k) =
∑
k′a3a4
Γa3a1,a2a4pp (k − k′)F a3a4 (k′) , (22)
with Gor'kov funtion F̂ (k). Γ˜pp (q) is the orresponding
operator in the two partile representation. In this paper
we only solve the linearized version of Eq. (22) to deter-
mine the superonduting transition temperature as well
as the nature of the pairing state right below Tc. Close to
the superonduting transition temperature we linearize
the anomalous propagator
F̂ (k) ≃ −Ĝ (k) Φ̂ (k) Ĝ (−k) (23)
and obtain
Φa1a2 (k) = − T
N2
∑
k′a3a4a5a6
Γa3a1,a2a4pp (k − k′)
Ga3a5 (k′)Φa5a6 (k′)Ga6a4 (−k′) . (24)
5Sine F a3a4 (k′) is of rst order in the anomalous self
energy Φa1a2 (k), the linearized version of Eq. (24) is
determined by Γ˜pp (q) for Φ
a1a2 (k) = 0. In this limit
it follows, after summing the same bubble and ladder
diagrams as for Γ˜ph (q) that
Γ˜pp (q) =
3
2
V˜ s (q)− 1
2
V˜ c (q) (25)
with
V˜ s (q) = U˜s
(
1− χ˜ (q) U˜s
)−1
χ˜ (q) U˜s +
U˜s
2
V˜ c (q) = U˜ c
(
1 + χ˜ (q) U˜ c
)−1
χ˜ (q) U˜ c − U˜
c
2
. (26)
In what follows we rst solve the oupled equations
Eqs. (12), (15), (16) and (18) in the normal state on
a 32 × 32 lattie with 211 Matsubara frequenies. The
solutions of the normal state equations are then used to
solve the linearized equation for the superonduting self
energy. In order to determine the superonduting transi-
tion temperature we replae Φa1a2 (p) on the l.h.s. of Eq.
(24) by λΦa1a2 (p). The resulting eigenvalue equation
yields an eigenvalue λ = 1 if T = Tc, i.e. the temperature
where the linearization is permitted. For T > Tc, it holds
λ < 1 for the largest eigenvalue. Even if λ < 1, the result
is still useful as (1− λ)−1 is proportional to the pairing
orrelation funtion. Most importantly, the eigenvetor
of the leading eigenvalue determines the momentum and
band-index dependene of the gap right below Tc. In
order to simplify the above eigenvalue equation we re-
plae Γ˜pp (p) by its zero Matsubara frequeny value, i.e.,
Γ˜pp (p, ωn = 0). Thus, we keep the dynami exitations
that determine the frequeny dependene of the normal
state single partile self energy, but assume that the dy-
namis of the pairing interation is strutureless. Suh an
approximation would be problemati lose to a magneti
quantum ritial point with diverging antiferromagneti
orrelation length,
37
but is expeted to be reasonable for
intermediate magneti orrelations, as seems to be the
ase in the FeAs systems. A onsequene of this ap-
proximation is that we lose the information about the
frequeny dependene of the anomalous self energy. We
keep its momentum and orbital index dependene.
B. Symmetry onsiderations
For a proper interpretation of the momentum depen-
dene of the superonduting gap in a multi orbital prob-
lem, we analyze the point group symmetry of the two
band model desribing the dxz and dyz orbitals. We on-
sider the behavior of the Hamiltonian under the tetrago-
nal point group D4h = C4v⊗Ci where Ci is the inversion
and C4v ontains next to the identity E two four-fold ro-
tations c4 one two-fold rotation c2, two mirror reexions
along the axis σv and two mirror reexions along the di-
agonals σd. The Hamiltonian is invariant with respet to
the group D4h, i.e.
ε̂k = Rε̂k for all R ∈ D4h (27)
Sine the two orbitals dxz and dyz transform like oordi-
nates for in-plane symmetry operations, it holds
Rε̂k = D
(1)
R ε̂D(1)
R
k
(
D
(1)
R
)−1
(28)
where D
(1)
R is the representation of R whih transforms
the oordinates. It then follows that the spinor
ckσ =
(
ck,xz,σ
ck,yz, σ
)
(29)
transforms as
Rck = D
(1)−1
R cD(1)
R
k
(30)
whih determines the transformation properties of the
superonduting gap funtion in the singlet hannel:
RΦabk =
∑
a′b′
D
(1)−1
Raa′ D
(1)−1
Rbb′ Φ
a′b′
D
(1)
R
k
. (31)
It follows for the transformation of the gap under the
point group operations:
EΦ̂(kx,ky) =
(
Φxx(kx,ky) Φ
xy
(kx,ky)
Φyx(kx,ky) Φ
yy
(kx,ky)
)
C4Φ̂(kx,ky) =
(
Φyy(ky,−kx) −Φ
yx
(ky ,−kx)
−Φxy(ky,−kx) Φxx(ky,−kx)
)
C2Φ̂(kx,ky) =
(
Φxx(−kx,−ky) Φ
xy
(−kx,−ky)
Φyx(−kx,−ky) Φ
yy
(−kx,−ky)
)
σvΦ̂(kx,ky) =
(
Φxx(kx,−ky) −Φ
xy
(kx,−ky)
−Φyy(kx,−ky) Φ
yy
(kx,−ky)
)
σdΦ̂(kx,ky) =
(
Φyy(ky ,kx) Φ
yx
(ky ,kx)
Φxy(ky ,kx) Φ
xx
(ky ,kx)
)
(32)
A rotation by pi/2 that auses a sign hange of an o-
diagonal element of Φ̂ is therefore no indiation for pair-
ing in the d-wave hannel. Thus assuming a rotation
by pi/2 (as generated by C4) yields a sign hange of the
o-diagonal element and no suh hange ours for the
diagonal element, we nd C4Φ̂(kx,ky) = Φ̂(kx,ky), i.e. the
gap belongs either to the irreduible representation A1
or A2. If furthermore the gap doesn't hange sign upon
reetion on the axis we onlude it is A1, orresponding
to s-wave pairing. This will be the ase in our subsequent
analysis of the numerial solution of spin utuation in-
dued pairing.
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Figure 2: (olor online) Band oupation number along
(0, 0) → (pi, 0) → (pi, pi) → (0, 0) for noninterating ase (red
and blue) and with interations (green and violet).
C. Results
In Fig. 2 we show the oupation number np deter-
mined from the full solution of the self onsistent equa-
tions in the normal state at T = 0.004eV. We om-
pare our results with the orresponding oupation of
the tight binding model without interation at the same
lling. The eletron band losest to p =(pi/a, 0) under-
goes a substantial distribution of arriers as it is being
pushed very lose to the Fermi energy. Similarly we ob-
serve a derease in the Fermi surfae volume of the hole
band entered around p =(0, 0). Still the overall shape
and topology of the various Fermi surfae sheets are un-
hanged by many body interations.
In Fig. 3 we show the momentum dependene of
the ai = 0 omponent of the eetive interation
Γa1a3,a4a2ph (p, ωn = 0). This is one of the dominating
omponents. Other matrix elements of Γ˜ph (q) have a
similar momentum dependene. Finally Γ˜ph (q) and the
partile partile interation Γ˜pp (q) behave very similar.
The three panels show the eetive interation mediated
by olletive spin and harge utuations for three dif-
ferent values of the Hund's oupling JH . We learly see
that the eet of JH is two-fold. On the one hand, larger
values of the exhange oupling lead to an inrease of
the Stoner enhanement in Γpp and Γph. In addition,
the eetive interation beomes inreasingly more om-
mensurate as JH inreases. The strong peaks lose to
p =(±pi/a, 0) and p =(0,±pi/a) are onsistent with the
observed Bragg peaks for the magneti ordering in the
undoped parent ompounds.
7
In Fig. 4 we show the variation of the largest eigen-
value λ as funtion of the exhange and Hund's ou-
pling J for two temperatures T = 0.004eV ≃ 46K and
T = 0.006eV ≃ 70K. The enhanement of the ee-
tive pairing interation, disussed in Fig.3, is the primary
reason for the enhanement of the pairing strength and,
in turn, of the leading eigenvalue λ. We also nd that
λ = 1 for J ≃ 0.4eV, whih would orrespond to a rit-
ial temperature Tc ≃ 70K. While the above mentioned
stati approximation tends to overestimate Tc, these re-
sults demonstrate that experimentally relevant Tc values
are learly possible within the spin utuation approah.
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Figure 3: (Color online) a3a1, a2a4 = (0, 0) omponent of
the pairing interation Γa3a1,a2a4ph (p, ωn = 0), Eq. (15), for
J = 0.0eV (a), 0.25eV(b), and 0.50eV (). Pairing interation
beomes inreasingly ommensurate as the Hund's oupling
J inreases.
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Figure 4: (Color online) Largest eigenvalue λ for the linearized
version of Eq. (24) with Γa3a1,a2a4 (p, ωn = 0) as a funtion
of Hund's oupling J for T = 0.004eV and 0.006eV.
In Fig. 5 we show the momentum dependene of
∆xx (p) and ∆xy (p) as determined from the leading
eigenvetor of the linearized gap equation at T =
0.006eV. The indiated diamond orresponds to the Bril-
louin zone boundary, i.e. we plot the gap of the two xz
orbitals within the unit ell in an extended zone sheme.
The fat that both gap funtions are of omparable mag-
nitude reets the fat that Cooper pairs are formed out
of eletrons in the same and in dierent d-states. The
symmetry of the gap funtion is s-wave, i.e. it is in-
variant with respet to the point group operations of the
Hamiltonian. Simultaneous rotation of momenta p and
orbitals by pi/2 yields ∆xx (px, py) → ∆yy (py,−px) and
∆xy (px, py) → −∆yx (py,−px). The latter expression
explains the sign hange of ∆xy (p) upon rotation. It is
a onsequene of the s-wave symmetry in a two orbital
problem where the xz and yz orbitals transform like the
two dimensional oordinates. The fat that the diago-
nal gap ∆xx (p) diers for momenta pointing along the
two diagonals of the Brillouin zone is a onsequene of
the fat that the wave funtions for the xz and yz or-
bitals are dierent, see Ref.
11
. Changing the value of
the exhange interation does not hange the symmetry
of the gap funtion. However, it signiantly aets the
momentum dependene of ∆a1a2 (p). As mentioned, the
pairing interation for small JH is inommensurate with
peaks rather far away from the ordering vetor (pi/a, pi/a)
of the antiferromagneti state in undoped systems at am-
bient pressure. On the other hand, for J = 0.25eV, the
dynami magneti suseptibility and the pairing intera-
tion Γpp (p) are peaked very lose to (pi/a, pi/a). A om-
mensurate pairing interation an more eiently hange
the sign of the gap funtion in momentum and orbital
spae, while inommensurations tend to frustrate an op-
timally shaped pairing gap. This leads to the more om-
plex pairing state for small J .
Finally we determine the onsequenes of this gap fun-
0-p 0 pp
0
-p
0
p
p
px
p
y
Dxx
Dxx Dxy
Dxy
-p
-p
Figure 5: (Color online) Momentum dependene of ∆xx and
∆xy determined from the eigenvetor orresponding to the
leading eigenvalue of the linearized gap equation at T =
0.006eV for Hund's oupling J = 0.05eV (top) and J = 0.25eV
(bottom). Gaps of the two xz orbitals are shown in an ex-
tended zone sheme. White diamonds indiate the Brillouin
zone boundary. Red (light) and blue (dark) regions orre-
spond to opposite signs of the gap.
tion and analyze the gap anisotropy on the Fermi surfae.
From the self energy Σαβk (iωn) we determine the quasi-
partile energies E∗αβp = E
αβ
p +Σ
αβ
k (0)− µδαβ and on-
strut the quasipartile energies of the superonduting
state from the eigenvalues of
ĥp =
(
Ê∗p ∆̂p
∆̂p −Ê∗−p
)
. (33)
In Fig. 6 we plot the magnitude of the gap along the
various sheets of the Fermi surfae. The Fermi surfae
is onstruted from the minima of the magnitude of the
eigenvalues of ĥp. As shown in Fig. 6a, we nd that
in ase of a small J the pairing interation is more in-
ommensurate and the gap vanishes on line nodes on the
Fermi surfae. However, for larger J values we only nd
moderately anisotropi gap amplitudes on the Fermi sur-
fae, see Fig. 6b,. The gap amplitude on the inner Fermi
surfae sheet around Γ is signiantly larger than the
gap on the outer sheet, in agreement with reent ARPES
experiments.
17,18
This is a onsequene of the fat that
∆xx (p) and ∆yy (p) hange sign lose to the Brillouin
zone enter. The gap of the Fermi surfae sheets en-
tered around M are onsiderably more anisotropi and
ould be responsible for the observation of anisotropi
gaps.
12,13,14,15,20
In general, experiments that are sen-
sitive to the minimum of the gap should therefore nd
muh smaller typial gap values and more anisotropi
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Figure 6: (Color online) Amplitudes of the gaps along four
sheets of the Fermi surfae for J = 0.0eV (a), 0.25eV (b),
and 0.50eV (). While linearized gap equation annot dene
the absolute amplitude ∆0, the relative gap amplitudes are
properly dened.
gaps than measurements that are more sensitive to the
largest gap values.
Our alulation yields a fully gapped Fermi surfae in
the ase where the pairing interation is lose to being
ommensurate. In this ase the nodes of the gap are
loated between dierent Fermi surfae sheets, explain-
ing the dramati hange in the amplitude of the gap as
one gets loser to the nodal lines (see Fig.6). The po-
sition of these nodes is not xed by symmetry and, as
is seen in ase for more inommensurate pairing inter-
ations, an in priniple touh the Fermi surfae (see
Fig.6 a). It is therefore an interesting question to ask
what happens if one inludes eletron-eletron overlap
between dierent FeAs layers. This seems partiularly
relevant for the 122 materials where the outer sheet of
the Fermi surfae around Γ = (0, 0) inreases its radius
for inreasing kz .
32
If the pairing interation is predomi-
nantly two dimensional, and determined by those Fermi
surfae sheets that are less dispersive in the z-diretion,
we expet that the position of the nodes is only weakly
aeted by the dispersion along kz . It is therefore eas-
ily possible that at least one Fermi surfae sheet touhes
the nodal plane for larger kz values. The intersetion be-
tween nodal plane and Fermi surfae would then yield a
nodal line on the Fermi surfae. This implies that one
an easily explain fully gapped pairing states and states
with line nodes with same pairing symmetry (s±) and due
to the same pairing mehanism. Note, this is impossible
for a d-wave pairing state, whih will always yield line
nodes given that the Fermi surfae around the Γ point is
losed. It is also impossible within a onventional s-wave
pairing state where the sign of the gap is the same every-
where. Thus, seemingly oniting observations in dif-
ferent FeAs-based systems do not neessarily imply that
there are several distint pairing mehanism at work.
In summary, we determined the anisotropy of the spin
utuation indued pairing gap on the Fermi surfae of
the FeAs based superondutors. For realisti param-
eters we nd a fully gapped state, while a measurable
anisotropy remains for some Fermi surfae sheets. This
may explain the oniting observations for the pres-
ene of gap nodes obtained in NMR, penetration depth
and ARPES experiments. It does explain the variation
of the gap on distint sheets of the Fermi surfae, as
seen in ARPES experiments.
18
More generally, our re-
sults demonstrate that a fully gapped superonduting
state is fully onsistent with an unonventional pairing
mehanism.
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